Echinomycin, a member of the quinoxaline family of antibiotics, is known to be a strong inhibitor of RNA synthesis which has been attributed to its ability to bind to double-helical DNA. Here we study the effect of echinomycin upon DNA replication using egg extracts and embryos from Xenopus laevis as well as cultured human cells. Evidence is presented that echinomycin interferes with chromatin decondensation, nuclear assembly and DNA replication. In the absence of transcription and translation, the drug speci®cally blocks DNA replication in both Xenopus sperm chromatin and HeLa cell nuclei in vitro. By contrast, replication of single-stranded DNA is not inhibited indicating that echinomycin acts by interacting with the DNA and not the replication elongation proteins of chromatin. The addition of the antibiotic to HeLa cells and X.laevis embryos results in anaphase bridges and cell death. Importantly, in X.laevis embryos injected with echinomycin at the two-cell stage the drug speci®cally inhibits the cell cycle prior to the onset of transcription, suggesting that quinoxaline antibiotics could exert antiproliferative effects by inhibition of chromosomal DNA replication.
INTRODUCTION
Echinomycin is a quinoxaline antibiotic, previously identi®ed as a potential anti-cancer drug (1) . It binds strongly to doublestranded DNA and acts as a molecular staple, sandwiching two base pairs within its U-shaped conformation (2, 3) . In contrast, echinomycin does not bind to RNA and interacts only very weakly with single-stranded DNA. DNA binding is via the minor groove, causing the helix to lengthen and unwind (4, 5) . This increases the thermal stability of the double-stranded structure, without causing single-strand or double-strand breaks (6±8).
Work with chromatin has demonstrated that echinomycin interferes with both nucleosome structure (9, 10) and transcription (11±15). In contrast, little is known about effects of echinomycin on chromosomal DNA replication or the cell cycle. To understand how echinomycin might interfere with DNA replication in a cellular environment we have taken advantage of cytoplasmic extracts prepared from Xenopus laevis eggs. Such extracts can assemble a variety of DNA templates into nuclear structures and initiate semi-conservative DNA replication in a cell-cycle-regulated manner (16, 17) . We have also employed cultured cells as well as microinjection of X.laevis embryos to examine the effects of echinomycin during the cell cycle and development.
In this study we demonstrate that echinomycin blocks chromatin decondensation of Xenopus sperm nuclei and inhibits in vitro DNA replication of both Xenopus sperm nuclei and human nuclei by interacting with the DNA and not the replication elongation proteins. When cultured cells are incubated with the drug their progress through the cell cycle is affected, resulting in cell death. Importantly, anaphase bridges accumulate during early development in Xenopus embryos in the presence of the drug, even in developmental stages where RNA is not synthesized. As a result, echinomycin blocks embryos from entering gastrulation. This suggests that inhibition of even a small amount of DNA replication by echinomycin is suf®cient to cause anaphase bridges and cell death by mechanisms which appear to be independent of its effects on transcription.
MATERIALS AND METHODS

Echinomycin
Various preparations of echinomycin were used, including samples kindly provided by CIBA-Geigy (Basel) and by Parke-Davis (Ann Arbor, MI, USA). Others were prepared and puri®ed in our own laboratory (18, 19) . No differences were noted. The antibiotic was dissolved to a concentration of 600 mM in methanol and stored at ±20°C. A working stock of 60 mM echinomycin (10% v/v methanol) was made by dilution with water and stored at 4°C. For some experiments a solution at 1 mM concentration was prepared by dissolving the drug in dimethyl sulphoxide (DMSO). normal medium and left until attached to the dish. The medium was then replaced with medium containing 2.5 mM thymidine and left for 17 h to effect the ®rst block. After this time the cells were washed with phosphate-buffered saline (PBS) and normal medium was added to allow the cells to continue the cell cycle. After 7 h the cells were again exposed to medium containing 2.5 mM thymidine to complete the double block. After a further 17 h the cells were released from the block by removing the medium, washing with PBS and replacing with fresh medium. Following a further release of 6 h and incubation with 25 ng/ml of nocodazole for 6 h, cells were released into fresh medium for 4 h and harvested in G 1 phase.
Preparation of HeLa G 1 nuclei
HeLa G 1 nuclei were prepared essentially according to Krude et al. (20) . S3 HeLa cells were washed with ice-cold hypotonic buffer [20 mM HEPES±KOH pH 7.8, 5 mM potassium acetate, 0.5 mM MgCl 2 , 0.5 mM dithiothreitol (DTT)]. All subsequent steps were carried out at 4°C. The cells were allowed to swell for 5 min in hypotonic buffer and all excess buffer was removed by aspiration. The cells were scraped off the plates into a 15 ml type S Dounce homogenizer (Braun) and cell membranes were broken open using 20±25 strokes of a Te¯on pestle (B).
Preparation of low-speed Xenopus egg extract
A low-speed supernatant of Xenopus activated egg extracts (LSS) was prepared essentially according to Blow and Laskey (16) . In brief, Xenopus eggs were collected in High Salt Barth (110 mM NaCl, 2 mM KCl, 1 mM MgSO 4 , 0.5 mM Na 2 HPO 4 , 2 mM NaHCO 3 , 15 mM Tris±HCl pH 7.6), rinsed and then left in distilled water for 10 min at room temperature. Collected eggs were then de-jellied in 2% cysteine±HCl pH 7.8 for 5± 10 min, rinsed three times in Barth (88 mM NaCl, 1 mM MgCl 2 , 15 mM Tris±HCl pH 7.6, 0.5 mM CaCl 2 ) and activated using 0.5 mg/ml calcium ionophore for 5 min at room temperature. Eggs were then rinsed once with Barth without CaCl 2 and incubated for 5 min at room temperature. They were ®nally rinsed three times with ice-cold extraction buffer (50 mM HEPES±KOH pH 7.4, 50 mM KCl, 5 mM MgCl 2 ) supplemented with 2 mM DTT and 10 mg/ml cytochalasin B. All subsequent steps were carried out on ice. Eggs were poured into Beckman SW50 tubes and packed by centrifugation at 1500 r.p.m. for 1 min in a Beckman SW50 rotor. Excess buffer was removed along with degenerated eggs. Eggs were then crushed by spinning at 10 000 r.p.m. for 10 min, after which time the middle cytoplasmic layer was removed with a Pasteur pipette. This cytoplasmic layer was supplemented with 10 mg/ml chymostatin, aprotinin, leupeptin and pepstatin A and recentrifuged at 10 000 r.p.m. for 20 min. The cytoplasmic layer (LSS) was removed through the side of the centrifuge tube with a hypodermic syringe. LSS extracts were supplemented with 2% glycerol and snap-frozen in liquid nitrogen as 20 ml beads.
Replication reactions
Beads of frozen extract were thawed quickly at 23°C and supplemented immediately with an ATP-regenerating system [10 mM creatine phosphate (Boehringer Mannheim), 20 mg/ml creatine phosphokinase (Boehringer Mannheim)] and 250 mg/ml cycloheximide plus either 20 mM biotin-16-dUTP (Boehringer Mannheim) or a[ 32 P]dATP at 2 mCi per 10 ml extract (3000 Ci/mmol) (Dupont NEN). DNA was added to a ®nal concentration of 3±5 ng/ml of demembranated Xenopus sperm chromatin, or 10 ng/ml of activated calf thymus DNA, or 10 ng/ml of single-stranded M13 DNA, or 10 ng/ml of HeLa G 1 nuclei.
To measure the incorporation of [a-32 P]dATP into macromolecular DNA, duplicate samples of 1 ml were taken from an incubation mix, spotted onto Whatman GF/C glass ®bre ®lters and dried. These were then washed on ice sequentially with 10% trichloroacetic acid (TCA) containing 2% sodium pyrophosphate, 5% TCA and ethanol. The ®lters were then dried and counted in Optiphase scintillation¯uid (Wallace).
MTT viability assay
S3 HeLa cells were grown in¯at-bottomed 96-well plates in 200 ml of Gibco DMEM supplemented with 10% Gibco foetal calf serum, 2 mM L-glutamine, 1 U/ml penicillin and 1 mg/ml streptomycin at 37°C. If echinomycin was to be administered, then the medium was replaced with drug-containing medium after the cells had reached the desired density. Cells were plated out in triplicate to provide an average of three wells for each reading. To determine cell survival, a stock solution of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide, 5 mg/ml] was added to each well being assayed to equal one-tenth the original culture volume. After 4 h the cells were removed from the plate by pipetting the medium up and down and then transferred to separate Eppendorf tubes. The wells were washed out with 50 ml guanidine hydrochloride (6 M solution) which was added to the tubes. After the addition of 300 ml butan-1-ol, each tube was vortex mixed and centrifuged three times. A volume of 200 ml was transferred from the top layer of each tube to single wells in a 96-well plate. The absorbance of the plate was then read at a wavelength of 492 nm.
Injection of Xenopus embryos
Xenopus laevis embryos were de-jellied in cysteine HCl pH 8 (21) . Developmental stages were determined from the tables produced by Nieuwkoop and Faber (22) . Injection into embryos was carried out using a Drummond Nanoject injection apparatus. De-jellied embryos were transferred from 0.1Q MBS to 4% Ficoll-400 (Amersham)/1Q MBS and left for 10 min before injection. After injection the 4% Ficoll-400/1Q MBS was replaced immediately and then at stage 8 the embryos were washed in 2% Ficoll-400/0.2Q MBS. Finally the embryos were transferred to 0.1Q MBS.
Microscopy
Xenopus egg extract reactions in vitro were diluted in 500 ml of buffer A (15 mM HEPES±KCl pH 7.4, 60 mM KCl, 15 mM NaCl, 10 mM DTT) plus 500 ml of 10% formalin solution or 500 ml of 8% paraformaldehyde solution, and then incubated at room temperature for 10 min. The samples were transferred to scintillation tubes and the nuclei spun on to polylysinecoated coverslips through a 30% sucrose cushion (23) . Nuclei were stained with Hoechst 33258 for total DNA content and with¯uorescein streptavidin for incorporated biotinylated dUTP.
HeLa cells were grown in 24-well plates on coverslips. After transferring the coverslips to a new 24-well plate containing 1 ml PBS the cells were placed in 500 ml of cold methanol and kept at ±20°C for 5 min. The coverslips were then washed twice with PBS followed by 100 ml of propidium iodide solution (5 mg/ml) which was left in contact with the cells for a 30 min incubation at 37°C. After washing three times with PBS the coverslips were mounted on slides.
Xenopus embryos were ®xed in MEMFA (0.1 M MOPS pH 7.4, 2 mM EDTA, 1 mM MgSO 4 , 3.7% formaldehyde) (24) for 2 h at room temperature. They could be stored at ±20°C by replacing the MEMFA with methanol. Embryos were embedded in paraf®n wax [98% histoplast (Shandon), 2% yellow beeswax] after serial dehydration and then cut into 10 mm sections on a manual microtome. Ribbons of embryo sections were placed on slides which had been treated with Mayer's albumin,¯oated on water and dried overnight on a hot plate.
Slides were de-waxed with xylene and then rehydrated through an ethanol series. The slides were covered with 3 mg/ml Hoechst 33258 in PBS Tween (0.1% Tween, 1Q PBS) and incubated for 30 min in a dark humidi®ed chamber. After rinsing four times with PBS/Tween the slides were washed once in PBS and mounted in 90% glycerol containing 10% PBS.
RESULTS
Effect of echinomycin upon sperm chromatin decondensation in Xenopus egg extracts
To examine the effect of echinomycin upon DNA replication and the cell cycle we used extracts of Xenopus eggs which replicate DNA in a cell-cycle-dependent manner (16, 25) . Nuclei formed in the extract are surrounded by intact nuclear envelopes with double membranes and functional nuclear pores (16, 17) . Such extracts are able to build nuclei and support replication of a variety of DNA templates. Addition of Xenopus sperm chromatin to egg extracts results in a rapid nucleoplasmin-mediated decondensation followed by a slower nuclear-membrane-dependent decondensation (26) . Once the DNA has decondensed and an intact nuclear membrane has been built, initiation of DNA replication follows (16, 17) . DNA replication is semi-conservative, takes place at ®xed sites known as replication foci and is strictly regulated to prevent over-or under-replication (23, 25) .
We ®rst asked whether echinomycin interferes with decondensation of Xenopus sperm chromatin following addition to Xenopus egg extracts. At a concentration of 6 mM the drug strongly inhibits nuclear decondensation when compared with control incubations (Fig. 1) . In the presence of echinomycin, sperm chromatin is only partially decondensed and nuclear assembly is clearly inhibited as judged by DNA staining (Fig. 1a) . Control incubations show that most nuclei have fully decondensed into a rounded nuclear structure (Fig. 1b) . Importantly, the partially decondensed chromatin was unable to replicate its DNA as measured by biotin-dUMP incorporation followed by staining with¯uorescent labelled streptavidin (Fig. 1c) . In contrast, DNA is replicated ef®-ciently in control incubations (Fig. 1d) .
Effect of echinomycin upon Xenopus sperm replication
We next asked if echinomycin can inhibit DNA replication in a concentration-dependent manner. Addition of 5 mM echinomycin to egg extracts resulted in almost complete inhibition of Xenopus sperm DNA replication as measured by the incorporation of radioactivity from [a-32 P]dATP (Fig. 1e) . In contrast, the addition of solvent as a control showed no such inhibition of DNA synthesis. Low concentrations of drug (0.5 and 1 mM) produced a less signi®cant effect upon DNA replication when compared with the control incubation. Echinomycin therefore only inhibits DNA replication totally at~5 mM. This leaky inhibition of nucleotide incorporation at concentrations of`1 mM is easily explained on the basis of the known reversibility of echinomycin binding to DNA (27± 29).
Echinomycin inhibits synthesis directed by activated calf thymus DNA in Xenopus egg extracts
To determine speci®cally whether echinomycin can inhibit the elongation phase of DNA synthesis the drug was added to Xenopus egg extracts incubated with activated calf thymus DNA. This substrate provides abundant 3¢-hydroxyl strand ends from which DNA can be synthesized. In contrast with Xenopus sperm chromatin, the use of this template removes the need to initiate DNA replication and decondense chromatin. Consequently these experiments provide a means of examining the effect of echinomycin upon the elongation phase of DNA replication.
To this end, activated nicked calf thymus DNA was incubated for 75 min in egg extract without drug (control) or with various concentrations of echinomycin ranging from 1 to 6 mM. New DNA synthesis was measured by the incorporation of radioactive nucleotides from [a-32 P]dATP. Figure 2a demonstrates that echinomycin does inhibit the incorporation of [ 32 P]dAMP, representing elongation of the calf thymus DNA substrate in a dose-dependent manner, though only about half of the synthesis is inhibited in the experiment illustrated. This is probably because the nucleotide incorporation measured with an activated calf thymus DNA template includes a lot of DNA repair. Repair synthesis is likely to be much less sensitive to echinomycin for reasons explained below where M13 single-stranded DNA replication is considered.
Echinomycin inhibits replication elongation of chromosomal DNA in Xenopus egg extracts The next step was to examine if echinomycin inhibits the elongation step of chromosomal DNA replication. Xenopus sperm chromatin was ®rst incubated in egg extract for 20 min to allow decondensation and nuclear assembly but not initiation of DNA replication. A second preparation of Xenopus sperm chromatin was incubated in egg extracts for 30 min to allow both nuclear assembly and initiation of DNA replication. Echinomycin was then added to each of these incubations at a concentration of 5 mM and DNA replication was monitored by incorporation of [a-32 P]dAMP. Figure 2b illustrates that addition of the drug at 20 min severely inhibited DNA replication compared with the control addition. Similar results were also obtained when echinomycin was added at 30 min. At this time point 64% of the input template has replicated, demonstrating that nuclei have already ef®ciently initiated DNA replication. These results clearly demonstrate that echinomycin blocks the elongation phase of chromosomal DNA replication. Importantly, incubations were performed in the presence of cycloheximide to prevent protein synthesis. Transcription is also absent in eggs used to prepare such extracts (30, 31) , implying that the effect of echinomycin on DNA replication is independent of transcription as well as translation.
Replication of M13 single-stranded DNA in Xenopus egg extracts is not inhibited by echinomycin
Echinomycin is thought to bind signi®cantly only to doublehelical DNA and not to single-stranded DNA (2) . If this proposed mechanism of action of echinomycin is correct, then the drug should not be able to bind to M13 single-stranded (ss) DNA and should therefore have no effect upon the replication of this DNA. Incubation of M13 ssDNA (10 mg/ml) with Xenopus egg extracts supplemented with [a-32 P]dATP for 60 min resulted in ef®cient replication, typically up to~0.8 mg DNA synthesized per microlitre of extract. However, addition of 5 mM echinomycin to the extract had no effect upon the amount of DNA synthesized (p < 0.05). In contrast, the addition of aphidicolin (25 mg/ml), a potent inhibitor of the replication protein polymerase-a, completely blocked the replication of M13 ssDNA.
These results establish two important points. First, echinomycin is unable to inhibit replication elongation of singlestranded DNA at a concentration which is clearly able to inhibit replication elongation of double-stranded DNA (Fig. 2a  and b) . Secondly, in contrast with aphidicolin, which inhibits DNA replication by binding directly to polymerase-a (32), echinomycin cannot inhibit DNA replication by binding to replication elongation proteins themselves. If that were the case, then the drug would be expected to block replication irrespective of the DNA template. However, it would clearly be of interest to study the effects of the antibiotic upon the formation of DNA replication initiation complexes.
The failure of echinomycin to inhibit complementary strand synthesis on single-stranded DNA is consistent with negligible or weak binding to the single-stranded DNA template, but it could also re¯ect the lack of any need for DNA unwinding in such a reaction, as opposed to elongation on double-stranded DNA. Similar considerations would apply to repair synthesis. Mechali and Harland (33) have described in detail the properties of this in vitro system.
Replication of mammalian G 1 HeLa nuclei in Xenopus egg extracts
Although echinomycin inhibits DNA replication of Xenopus sperm chromatin, it remains to be established whether the drug can inhibit DNA replication of human chromosomes. To test this we used HeLa G 1 nuclei that have assembled an intact nuclear structure but have not initiated DNA replication. Nuclei were incubated in Xenopus egg extract with biotindUTP and stained for replication with¯uorescent labelled streptavidin. Control incubations demonstrate that these nuclei are able to initiate and elongate DNA replication quite ef®ciently (Fig. 3b) . However, addition of 6 mM echinomycin clearly prevents replication of human chromosomal DNA (Fig. 3d) . Elongation of HeLa S-phase nuclei was also found to be inhibited (data not shown).
Echinomycin causes cell cycle arrest and death of cultured cells
We next wished to address the effect of echinomycin on cultured cells. Addition of echinomycin to proliferating HeLa cells resulted in substantial cell death (Fig. 3e) . Following a 24 h incubation with 50 nM echinomycin, the percentage of normal mitotic and interphase cells was sharply reduced while the number of dead cells was increased (Fig. 3e and f, and data  not shown) . A small fraction of cells also appeared to be undergoing an aberrant mitosis in which chromosomes are unable to segregate correctly (data not shown).
To measure the concentration-dependent effect of echinomycin on cell death we employed an MTT assay which can distinguish between living and dead cells. A concentration of 1 nM echinomycin was found suf®cient to inhibit cell growth, while higher concentrations clearly reduced the number of living cells (Fig. 3g) . Thus echinomycin is evidently capable of causing cell death at concentrations as low as 10 nM.
Effect of echinomycin on development of Xenopus embryos
A ®nal series of experiments was conducted to investigate whether echinomycin could inhibit the cell cycle in whole X.laevis embryos. Xenopus eggs were fertilized and allowed to develop to a two-cell stage. One femtomole of echinomycin or an equivalent volume of solvent was injected into one or both cells of these embryos which were then monitored for a 3 h period following fertilization. The average volume of one X.laevis embryo, diameter about 1 mm, is 0.5 ml, so injection of 1 fmol of antibiotic into one cell would produce a concentration about 4 nM. Uninjected embryos and control embryos injected with solvent show normal cell division and development up to at least stage 7 ( Fig. 4a and c) . In contrast, injection of echinomycin results in fewer larger cells (Fig. 4b  and c) . Animal pole cells from control embryos appear discrete and separate from each other, whereas animal pole cells from echinomycin-injected embryos occasionally appear to be fused together. Importantly, none of the embryos injected with echinomycin went on to develop normally (Fig. 4d) . Twenty-one hours following fertilization, 83% of embryos injected with 1.0 fmol of echinomycin had died and the remaining 17% had only developed to stage 9±10. In contrast, 92% of control injected embryos remained viable and developed to stage 11±12. Importantly, all of the embryos injected with 1.0 fmol of echinomycin failed to progress beyond the mid-blastula transition (MBT), at which point development was halted and the embryos eventually died. Embryos injected with 0.5 fmol of echinomycin were able to reach stage 9±10 and then halted development, but were still alive 21 h after fertilization.
The appearance of the nuclei in embryos injected with echinomycin is quite different from that seen in control injections (Fig. 5) . Embryos which were injected with 1 fmol of echinomycin at the two-cell stage and allowed to develop for 3 h following fertilization show nuclei with connecting DNA strands spanning two different cells. Figure 5b illustrates an example typical of many embryos in which this abnormality was photographed. Such connecting DNA strands are characteristic of anaphase bridges. Control embryos show normal mitoses and cell division (Fig. 5a illustrates a normally developing embryo). Magni®cation of these images clearly reveals the abnormal division of daughter nuclei in echinomycin-injected embryos (Fig. 5c) . Anaphase bridges can still be seen to persist at later times of development in druginjected embryos (data not shown).
DISCUSSION
In this paper we present evidence for the ®rst time that the antibiotic echinomycin can inhibit chromosomal DNA replication, the cell cycle and embryonic development in vertebrates. The inhibition of DNA replication does not depend upon transcription or translation and does not appear to be the result of direct interaction of echinomycin with replication elongation proteins. Echinomycin is known to act like a molecular staple, binding ®rmly to double-stranded DNA and impeding unwinding of the double helix. Unwinding of double-stranded DNA is required in both initiation and elongation steps of DNA replication. Our results establish that chromosomal DNA replication is inhibited by echinomycin using a biological system that allows us to distinguish between the effects of echinomycin on transcription and its effect on DNA replication when bound to DNA.
Echinomycin-induced cell cycle defects
Echinomycin has previously been shown to bind tightly to double-stranded but not single-stranded DNA (2). Our initial ®nding that the antibiotic is a potent inhibitor of chromosomal decondensation demonstrates that it can block an early process essential to all eukaryotic cells emerging from mitosis and meiosis. In Xenopus egg extracts, chromosomal DNA remains condensed and unable to form replication-competent nuclei in the presence of echinomycin (Fig. 1) . This result is readily explained by the tight binding of echinomycin to DNA. Previous studies have shown that the drug causes DNA to rotate by half a turn on the surface of nucleosome core particles in vitro (9) . Further studies have also demonstrated that echinomycin will prevent nucleosome formation and can cause DNA to dissociate from nucleosomes (10) . This known interference of echinomycin with chromatin structure can satisfactorily explain the impaired chromatin decondensation observed in Xenopus egg extracts.
HeLa cells and Xenopus embryos exposed to echinomycin, however, do not show a clear defect in chromosome decondensation upon exit from mitosis. Instead, a more visible defect of anaphase-like bridges was observed (Fig. 5) . This dramatic effect of low concentrations of echinomycin on proliferating cells is also explicable on the basis that the drug is able to prevent unwinding of double-helical DNA (34) . By interfering with DNA unwinding, echinomycin would inhibit the completion of DNA replication, as seen in Xenopus egg extracts. Partially replicated chromosomes would not be able to separate properly during mitosis. Normally, checkpoints prevent the formation of anaphase bridges by delaying chromosome separation in the presence of unreplicated DNA. These checkpoints are notably absent in tumorigenic cells and during the early cell divisions of embryonic development (i.e. the systems used in most of the experiments described here) (35) . Accordingly, this highly visible effect of echinomycin can be observed in our experiments and may explain why echinomycin has a more potent effect upon rapidly replicating tumorigenic cells (36) . The increased death of HeLa cells grown in the presence of echinomycin further supports the ability of echinomycin to interfere with the cell cycle in vertebrates (Fig. 3) . This too may be mediated via non-repairable cell cycle defects caused by incomplete DNA replication.
Echinomycin has also been shown to interfere with transcription in microbial cells and cell-free systems (11± 15). To distinguish transcription from DNA replication, we have used extracts from Xenopus eggs which do not engage in transcription prior to the MBT (30, 31) . Cycloheximide was also added to inhibit translation. Our results demonstrate that the effect of echinomycin upon DNA replication does not depend upon transcription or new protein synthesis. Although transcription and translation are abundant in experiments using proliferating cells, the appearance of anaphase-like bridges suggests that one of the effects of echinomycin in dividing cells is to inhibit chromosomal DNA replication. This is further supported by the reduced effect of echinomycin upon slowly replicating cells (36) .
Inhibition of embryonic development
Microinjection of 1.0 fmol of echinomycin into two-cell stage Xenopus embryos resulted in cells cycling more slowly and ultimately cell death. The experiments using Xenopus egg extracts further support the conclusion that this cell cycle arrest is due to inhibition of DNA replication rather than transcription or translation. Furthermore, this interpretation would explain the observation of anaphase-like bridges in Xenopus embryos exposed to echinomycin prior to the onset of transcription.
During normal embryonic development the MBT is characterized in part by initiation of transcription in the embryo. The failure of echinomycin-injected embryos to develop beyond the MBT and form a yolk plug could be a consequence of both the inhibition of RNA transcription after MBT and accumulation of errors within nuclei caused by the presence of echinomycin during DNA replication. Checkpoints sensing defects in DNA have recently been shown to become active at the MBT, preventing embryos developing beyond this point (35) . Similar results have also been reported in embryos injected with aphidicolin, an inhibitor of DNA replication, where embryos also displayed a lack of cell invagination (37) .
The potent effect of low concentrations of echinomycin (4± 50 nmol) in HeLa and Xenopus cells compared with the micromolar concentrations used in vitro may re¯ect the inability of cells to tolerate small amounts of unreplicated DNA. It is not unreasonable to suggest that cells or embryos cannot live with 98% DNA replication, and the segregation effects we have observed are consistent with this explanation. Nevertheless we cannot absolutely rule out the possibility of other, perhaps more direct, effects on the cell cycle, nor indeed other actions independent of DNA binding. However, in contrast with the very sensitive responses of intact cells and embryos, the in vitro Xenopus replication assays are not able to detect very low levels of interference with DNA replication.
Therapeutic use of echinomycin
Echinomycin has been tested in several phase II clinical trials to treat various cancers. The ability of the antibiotic as well as some derivatives of echinomycin to show potent anti-tumour activity (36, 38, 39) makes our effort to understand its mechanism of action all the more important. Here we have presented evidence that the effect of echinomycin on vertebrate cells occurs at least in part via inhibition of DNA replication. This results in abnormal mitoses and cell death. Combined with our demonstration that echinomycin inhibits chromatin decondensation as well as the previously reported inhibition of transcription, the results provide a clearer understanding of why echinomycin acts as a potent antitumour drug. Further studies of the effect of echinomycin and its derivatives on multicellular organisms may help to improve its utility as an agent for speci®cally killing rapidly dividing cells.
